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A3SZCT

Inlets sized for supersonic aircraft operation are oversized at
tranaonic speed&. Spilling excess air around the inlet creates spillage
drag which can seriounly penalize the low altitude penetration range of mixed
miasion aircraft. Spilling, also creates inlet cowl lip suction forces
which ean cancel a portion of this drag, but available data on spillage drag
and its pertial recovery on the cowl lip were not sufficient for necessary
design and performance studies. Generalized wind tunnel studies of inlet
spillage were required to supply tne needed information.

In 1964, NAA/LAD designed and built a "workhorse" model for in-house
tests of pitot inlet spillage drag. Under contract AF 33(615)-2496, the
"worehorse" portion of this model was fitted vith rectangular supersonic
inle.3. Wind tunnel tests wexe conducted and are reported herein. Testing
was done in the NASA Ames Research Center's 6' x 6' Supersonic Wind Tunnel,
primarily in the 0.7 to 1.4 Mach number range. The model had four inter-
cbangtable ramps, four sets of side plates and ten interchangeable covwl.
The primary test caufigurations were shock-on-cowl Mach 2.2 and Mach 3.0 design
point inlets.

Low drag flow spillage requires decreasing the inlet flow area by (a)
increasing the external ramp angle or (b) rotating the cowl inward. Test
data show that ramp spillage creates lower total drag. The minimum spillaae
drag configuration would use minor deflections of both ramp and cowl. However,
the cowl actuation weight penalty must be considered.

Experimental transonic ramp pressure drags were normalized and conpared
with transonic similarity work on wedge airfoils. These ramp drag data,
togcther with cowl drag and spillage 4rag correction (KpDD) factors developed
in this report, are valuable tools for inlet de3ign and performance studies.
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LUS OF A=WIATZX18 AND 1D430L

a Most aft external station of fore(

model exposed to flow.

A Area*

A* Sonic flow area.

Ac Inlet capture area. Te frontal
projected area of an inlet, in the
freestream velocity vector direction,
bounded by the cowl leading edge, side
plate leading edges and initial ramp
.leading edge.

As Exit area.

ALlp Cowl lip station inlet area.

Ao Airflow streamtube area in the freestream.

Ao/A€ Inlet mass flow ratio; mass flow entering
the inlet ratioed to capture area of the
Inlet.

(A/A*)MA C== The inlet maximum mass flow ratio computedfrom the Supersonic Mathematical Model of

Appendix In

(Ao/ Ac )RWy Reference mass flow ratio of the inlet.

,#A Infinitesimal area.

a Ramp or wedge chord length.

CCADD Cnord direction additive drag coefficient.

fcc, +ccS Cowl plus side plate pressure drag integration

[C coefficient in D/qA 0 form.

D Drag.

xii
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DAM Additive Drag.

A DADD Thgecangs In additivv drag between Inlet
operation at (A/Ac) ad (A,/Ac),W

DAM T IM Thoretical additive drag.

A DADD M T Ce bc ge In toretial additive drag
betveen inlet operatim at (AO/A.) and

(DAM TMR I Theoretical additive drag at (AOIAC)pW.

(DAý)W ~ Additive drag at (ACJAC)pV.

Df Friction drag.

(D)Rj7 Drag at (Ao/AC)R.

DR Ramp drag.

(DR) Ramp drag at (Ad/Ac)W.

DTOTAL Total inlet drag.

General mathmatical fumctioe.

FBAL Balance force.

,I11T See equation 1.

FN Not thrust.

(733T')COR see equations 2 and 3.

9 £ Gravitational constant.

]N Total presswe•

KAM Additive drag eomctIn factor (see
eqatio ).

L.E. Leading Udge.

Xiii
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X Be equations 8 an 9.

"1N Nach numb•esw "alu used vi•tb sueasript

Me Zxi* station Mach number.

NO Freestream bach number./I
MLIP Mach number at the cowl lip sta.ýio.

N A drag as defined by equation .

Value of I at (A/AO)M 7 .

A I ChanInvale of Nbetween (AO/A 0 )and rA:Ae),ue.

P Pressure.

Pe Pressure at an exit station.

FLIP -CovI lip station pressure.

PO fteestream pressure.

PR Pressure an Inlet ramp.

dP/dx Rate of change of pressure with axial

distance,

0o Freestream 4ynamie pressure.

a Stagnatiotl.

t Ramp or edge thickness.

V00 Ve Freestrean fnd exit velocities, respectively.

Wo, oe Weight rate of airflov entering and exiting
fros a control volume at freestrean and exit
statimns.

SAngle of the Initial Inlet rmp relative
to the freestmesm velocity vector.

xiv
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• tAngle of the se xa external last
@Mp relative to the treestrm

velocity Tector.

A~Change in a qumntity,

V Ratio of specific beats.

6 ZxdWt station conditimcs

C Freestresa statim conditions.

310 22 Denotes base areau I and 2.

LIP Denotes a quantit st the cowl lip.
station of an Inlet,

U Denotes conditions behind a normal
shock wvaye.

U Denotes conditions an nlet ramp.

Ra Demotes quantity at (A/Ag)pW.

Special naoenclature used in Appendixes I, n and U have not been included.
All Important nci~nclature is either fully explained In the teat of the
Appendixes or a special nownclature listing is given.

Xve
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The objectives of this vork vere (1) the ex rlmantal. study of Inlet
gec•tric factors affecting spillaV drag of rectangular supersonic Inlets
and (2) the conversion of measued data to correction factors vhich may be
applied to calculated theoretical additive drag valuas to realistically
estimate spillage drag and improve the accuracy of Inlet-enalne performance
predictions.

Previous experlm~ntal york, references 1 tbru 10,, has generally been

restricted to drag stuiies of complete &1rplans co -igurations. This
mans that a wide variation of Inlet geomtric factors vere not considered.,
arA, more Importantly, that a relatively sm"ll error In measurent of
complete configuration drag creates a large spillage 4rag ineiwac. Vf
spillage drag Is ten percent o the total vehicle drag. an error of only one
percent in total drag measurement precluaes meaningful spillage drag studies
of many Inlet gemtrie variations.

The vind tunnel test model used in this Investigation vas an inlet model
otly, not a ful configuration model, The model vas constructed so that a
number of Inlet corls, side plates and external Initial ramps could be
Interchanged and tested.

The test Mach number range vas priarily limited to Mach 0.7 to Mach 1.4.
At lover Mach rumbers, spillage drag Is seldom of Importanee, and at higher
Mach numbers it is generally felt that theoretical predictions of spillage
drag are reasonably mourate.

The vir tunnel test phase Is efly summarized In Section 1-. Sections
MZf thru ViI are background informa.Aon for the experimental results given

In the later portion of this report.

1
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II

1. M4odel. A coprehensive descriptica of the wind tnnel force model used
In thre-'Testigtita is given in Appea4ix I* It wns a rectangular, supersonic
inlet model hraing tvo external ramps. The second external raip vws viiriable
fro 50 to 120 relative to the freostream vector. Me ftlet we coostructed
so that several covls, side plates and fixed intil rmpis coul4 e Lnter-
hao. en covls, Cl thru CO four fixed initial reet IM thm M, and

de plate sets, M thru a 4, were tested.

2. Wind Tunel. Testing wa conducted In the coutimuus tlov KAM Ames
'z 6 441reocia Wind Tunnel. Naminal test coaditims ver

o otal Pros.

0.7 1960 Wet
0.85 2.04A
1.1 1.
1 1400
1:? ll75
1.7 1335
2.2 2190

3. Crefigurations Tested. The following listing nsmueris the comfigu-
ratIons and Mach mbers at which data wre obtained. •ae ramp, side plate,.
and eoVl configurations listed are illustrated It Appendix I. Ana"e of the
Initial and second ramp are a and S # rospec1tvs14# with respect to the
treestrem vector.

Test Mbach Nubers

ConfiE. DeuiiMo 70 L. _ 1.1 L .4 .1 1 L_ 2.
NMS:CI 30 5050 X X X X I I X

.20 a z X IRIM2 0X X Is X X
RLSPIC3 a X X X I

lS5lCP5 x X z X

Y&SP1C7 x X X I

X X X X X

120Ox X Is a
4313C1 50 a X X a I

X X2
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Test Mach Numbers

Configeý Deuign No a P .70 .85 1.1 1.3 1.5 1.7 2.2

1RSPC1 2.2 7 0 70:xR3~~ 1101o x x x x x
R4BP4C6 I 5• 0ox x x X" xE3P11 X X

1 •4I4C4 x x x x x
9 x

R c6 x x x x xT 11:;; i
As Indicated in the second colizrm inlets having Fa were shock-on-

eo-. design point Inlets for M ach 3.0. Inlets having I2 vere shock..-owu. l
at Mach 2.2. R3 and R4i first ramps had their leading edges at the samestation as R1 as shown an figure 16. 7he R3 and A• ramp conflgurations
were Included to show the effects of first ramp angle.

Since the model did not have boundary layer control featuresp suberitical
stability at Ma•ch 2.2 vas limted. No analysis of' these data was wor-thvhi].eo

Azalysis of the four sets of Mach 1.7 data vas limited because or tunel
flow problem as explain9d later.
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AWITIVE DRAW =C T

T. additive drag concept Is ftUly accepted in calculatinig a~rpl=@~
performance althoub no real eoumterpart of the concept e.stg in nature. It
I a thrut-drag booeeping tool vwhch even ently bridges the gap betwve
the egine manufacturer dafibitiin of net Utust, f7g and the alrfrae
mnufacturer's reodrimment ftw internal thrustg Fn, for airpla"e parfomnme
Predutin.

0 C ..

now

Pigure I * rapulsion Nacelle In ?rrestrei

Mw airfrow usnufacturer requires evaltsie of Fin

,M (P . Po)dA

P••ocal static plesre
A ' aImerment4 frontal ae

where the Integral Is taken around all of the Internal surfaces of the,
propulsion systm. Mw :integral reg1rua is ohmi an figure I as the cross-
batebed area extending fram stresaaube stagnation, o an Inlet leading edges
to the exit frm the nacelle. 7 is the Interall generated thrust which
prw,,des the propelling forte for wirplae, but it Is not evaluated br
perfozimIn the cwpqlex Intemral integration. Iaste, the starting point Is
the agine nanuftaturer's net thrust

- [,P. - ?.)A. + W.V./g ]-Po - ,o')Ao. *V J

A force-mmentu balace on the cross-athoed free body of figvue 2
ill=strate that M evIaluasted b••stre "armdregof the mbowded
stremtube from "X:

Fin yx Jo (P ?*)dA 1 D~AM q 1
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0

fo 0- P0ovs

Po -- AP6 .00

Figure 2 . Propulsion Nacelle In Freestream

This unbounded streamtube "drag" Is termed additive drag, DAMP

DADD Is not felt an an afrcra.'t surface , but It must be subtracted from
FP to obtain the required FPIT force-amoentum balance.

Detailed examination of the DAij integral shows additive drag to be
caused by airflow spillage around the inlet. Figure 3 =llustratea that
for the no spillage case, A w 1-.0 DA)D is zero because the streamtube
has no frontal area for drag to occur. As mass flow is reduced, drag area
of the streamtube increasesp static pressure within the streamtube Increases,
and DAM can becaoe large. Spillage causes additive drag at supersonic speeds
as weUas at the subsonic speeds used In the illustration.

A0

DA --- N

Ao0 AC P > Po

DA DADD > 0
Figure 3 . Subsonic Additive Drag

External geonetry of the inlat affects the magnitude of the DAD
integral over the streantube. A given spillage can be obtained with
various external ramp and Inlet side plate gemetries. Ramp angle may be
raised or lowered; side plates may be cut-back, allowing side spillage,
or extended. Each external inlet geometry creates a particular stagnation
streamtube shape aad particular flow conditions within the streamtube. In
magnitude, DADD is a finction of both the amount of spillage and the way It
is spilled (external inlet geomwtry).

_ _ _ _ 5_ _ _ _:_

¶
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AWZTriY DuAG RmOVw

the full value Of DAM should rarely be cbarged ~sa penalty to the
airplane at subsonic and low supersomic speed@. Air spilling aroi~nd the
Inlet Increases velocity and decrewase pres sure an the leading portions of
.04 and Side plates. At reduced imas flow ratios surface pressures drop
below moblmatp and these surfaces produce thrust rather than drag. Wiii is
illustrated In figure 4 by a Wepial subsonic data asaple Prmn this rosearcb
Woropi. Part of the DAM spillage drag penalty Is offsert b7 spillage thrust
ereated by suction an cowl and side plate lips.

0 side Platej

.00.1

SD -. ,1 1t

0 .2 .1 6 .8 1.0
Ao/A Inlet Kess Flow Ratio

Figur4* Additive Drag Recovery

In airplane thrust-drag bookkeeping,, it'is usual proaft-w to consider
external airplane drag as Invariant with Inlet miass flov ratio. 2brust-drag
Itma whiLch do vary with mass flow ratio aro loncluded within the scope Ce the
airopulsine eystemsal drag is assigned, forrespninmlghto opeation a a fixed
p~roplsio ssteral peromag ce. 1ipe, for a gnieng flgto opeaimtio a fixed
ilest reference manss floy ratio. 2hen,, rather than oqation Is a nem equation
at the -form

(7xiTpc= - Y, -r[Mw -(IDm)rw] -N f(ADhAM) sq. (i)

Is used to represent the *qipulsicm mysten.
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' '1

•quation 2 Is an idealized situation because f( A DD ) of the Particular
airplane is presumed to be known. -is requires the construction and testing
of a ducted aerodynamic force model of the given configuration over tba
required range of inlet mass flov ratio. Much more frequeit is perfo".^nce
prediction for *drav-ng board* airplanes, crd such data to unavailable.

In practice then, equation 2, is modified to become

(]FM)coR L ' [D = = R - (DA D o . (T =)

w FN to ( A DAM =O7a)

A theoretical computed additive drag is substituted for actual additive arag.
The f' factor is selected from previous test data of inlets as nearly like
the one in question as obtainable. Obviously, if (DAD ) duplicates
DADD the desired f' and f factors are identical. In the rczainder of this
report, the f' factor virU be called the additive drag cc cta fact-or and
will be symbolized as XADD, conforming to th. usage in F "I iterature:

(133T)COR = CD A' "AD TMORO Eq.n• 'X•) •

It Is desirable that the theoretical and actual additive drags be In
reasonable agreemlent. Only thcn will KjXD retain the pryslcal significance
of the f function of equation 2. A lateir sec'ion deals vith the theoretical
additive drag calculations used for this projk€ct and cacTares theoretical
and "measured" additive dreas.

I
_ 7 _
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1t•n• • shovs • schematic of. the test phase vlnd tunn• force node1
snd • free body d•su•: of tho force4m•nt• bsl•ce "d•tCh vas soZved to

S]• • -'4-DADD. •JI IJ4•+.,!€0 to Lns•'t/ne•tstloo .•o• det;er•,ttIoD

of ststLon o an4 otatlcn • €o•d•ttons• base Fres•ures and beJ•e force:
static press•re tnstrmentstlon vu required an the cml an4 sI•Le plate lip
re51ou so that mmericsl l•teS•st•ons of €ovZ and side plate•pressure drs5
¢o•d be made. This •atter lnstr•ntstl• Is described in Aupend•x Z •

• • " •

! . ..... ......,

O L.t. • •

,.-.(P,).
(]?A)o--e.r" " -- " "" =/ " I

S1,su.

/•Surs • • •nlet SehemtLc a•d Tree •d•

Fr• fli•-e • • 1• chord 41r•t• foree-•mm1• bslanee• the qusn•i•r
&

•o (1, - 1,o)•, ÷ •:

8



IOUTN AMERICAN AVIATION. INC. / LOS ARGUELS DIVISION

can be evaluatcd as
a
(F -Po)dA + DZ 7" - (W/g)o + (Pe . )A*.÷ (w/g),

+ U - PO)A N

By septrating the integra3 Into three eccroents, st-e='.ube dragb codl and
side plate drag, and drag of the under-bod of the model

(P .Po)dA + (P Po)dA] + (P "o) -+ D; w 3

Side Plate body

2=n, considering both the change in friction with mass flow ratio and the
change In preisure drag of the under-body vith mass flov ratio to be
negligible

D -34-J(f - PodCAJ Co late+ (coMrT.) a N Eq. (6)

Side Plate

Fran equation 6 , it is clear that the change in" v th mass flow is Identical
vith the change in vmrecovered additive drag with mass flow, and

A" • DAD M Y ADAM M M lq. (T0

vhere

F" ---., value of N at the reference

inlet mass flow ratio, (A0/A)jIn

The quantity A DADD vwe found by substituting Into equation 6 the
numerically Integrated values of cowl and side plate pressure drag

rcoui + Side Plate 1
DAM + (CONST.) -ra - umercal Pressuret - 14

[! •tegration J Eq. (8)

AD= j -"M.7 wA Eq. (9)

Figures 6 and 7 illustrate a typical relation betveen AD .,
ADAD TSO KY a IC (ADADD TP ), and K= found for subson cflow situ-
ations. The short (dotted3 extrapolaticns of measured data shorn In figure 6
were normally requirod to reach the selected imlet reference mass flow ratio.

9/
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ADAM valu

IK (A 
DD

0 04ý IS0
VA. Last moos now Ratio

11gur 6 W "rIca Subsoic n3ow momalt.

011
0 045 ISO

VAJAemw uialt msap now Ratio

Figure 7 t~icia Buboinic 
4AD

coapariasomato A DADdata and A arD~m vexiisned in scti'm
TMII. A detalled discusilam of the inatkimmtical modol,1 Mad oQ1Wt~r Propue
for' A DAW Mu Is 0-vem In Appendix II. 2. imathommtical mod,0ls1 for
A Am m veir wz deliberately stimpliftid elieiv blnd calculatloms.
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Mathematical models were devised for the calculation of DADD T=HY.
4 The models vere kept reasonably simple to allov hand cowutatia.os by the user.

However, because of the large number of calculations Involved in data analyses,
a Fortran IV clmputer program vas vrwitte and used. Both mathematical models
and computer program are described In detael In Appendix 11.

-a -

ubsonic ATransonic Supersonic

Figure 8 * now Fl Regimes

Three mathematical mod-elo vere constructedt a subsonic, a transonic
(detached shock vave),0 end a supersonic model. Figure 8 Illustrates the
three flov regimes.

The subsonic model considers that flov rotates a degrees from free-
stream to ramp direction vit...ut Increasing ramp pressure. Ramp pressNre
Is a lw*pe4 parameter defined as

o LIP• (Po + PLp)/2

where PLIp Is a function of mass flow ratio only. All flow enters the Inlet
In direction a, and the subsonic flow field is considered isentrovic and
oe -dimenslonal.

In reality, a force is required to rotate the flov fron the freestresm
to the ramp direction. Ramp pressures even at maxtrw' Aess flov ratio,
SMLp w 1.0, vill rise above Po locally. Side spillage of airflov from the
higher pressure ramp to the freestreem vill oc.cur, but side spillage does
not affect the maximum inlet mass flov ratio In a subsonic flov field,
Therefore, the simpliftving assumption of one-dimensional flow Io used in the
mathematical model, and side apillage ta !e-.lected.

11
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For tho t•anuon model a (aom-s4ntrople! vormel *hock w•ve is &.Ue4f'orward of the Ir•let sand rug? pressure Is "t!Aed' 48 (Pll tL)/2'

3 roon ic case treat . MAitive drag from three #pillag u
superscale apillagje over the eovi,

2 subs••ic spi.lage over the cov, and
supersonic a"1lla.e aroad the @ei plate tru the
sapersmcno regi tonvruar of the terminal shock wye.

¶, maxlmmi mss flov rstio and asociated drag e comp ited ccvs1derive
t1~e S.spillage.

For data "Azalyss DAM MOR and (DAM TcM)Rpa vesr* 1zWivually
ecmputed4 using the spillage models. 7ben ADag UOM me 4et4rain*4 by

A D~ni umy mD~w =o - ODm Uwrg)jw Uq (LO)
)
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K. SEXTION OF TO RV== 3 MA03 MWW RATIO

b Several factors vere considered In the selection of (Ao/Ac)m,. A listing
of the desirable characteristics of the eference value should include:

1) fe reference Ao/Ac should be a uniquely definable flow cmditica,
not some arbitrary fraction of Acl

2) The reference should not be restrictive of aide plate Seometry-,
rap angle or rap length;

3) The referenco should be a computed rather than measured value
since, In most cases, the user vilL not have a measured reference
value;
Th) Te reference mass flov ratio should not be smaller than the
normal operating mass flow ratio of the inlet since NAM Is not
defined above (Ao/Ac)R•I

) The reference mass flow ratio should not be so large that
extrapolated data are physieally urealistic,

lbese factors suggest one of two axl.m=s,, the first being a casputed
value of maximum Inlet flov, the second being the largest Mass tlov ratio
at vhich the Inlet may be expected to operate*

For the subsonic regime the selected reference mass flov ratio is

(A./Ac)W - ALIp/Ac sq.(U)
- This represents MLIpw No and PAJt-p Po. The measured maxumw mass flow ratio

at M0 - 0.69 for the basepoint configuration, RIBPICl and *a #- s5*,- was
one-h•alf percent larger than the reference value. -Normally, boundary layer,
riternal contraction In the inlet, and *sharp lip losses" dictate inlet

operation belov the reference.

For the transonic regime, the same reference Is used

(AO/AC)W - A•p/Ac
The supersonic regime requires a different reference. Maxim= mass flov

ratio computed from the Supersonic Mathematical Model of Appendix II Ws
selected:

Although supersonic side spillage ww considered In computing the maximurs,,
boundary layer and Inlet internal contraction caused measured a saxiinw to be
several percent lover than the ccauputed reference values for the basepoint
Inlet at Mach 1.3 and 1.4.

The difference betveen the reterence value and the measured wAxImus for
the basepoint Inlet can be seen on figures 45 tbru 50 of Appendix e.

13
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Equatatin 8 shove how the DAM curve shape can be obtained frnm
o~iertmenta1 data. Written in terms of drag coefficient, the equation
becomos

I •

C.owl + 81d* Platse
(DAW)/qoAc+(,'.=1T.)- N/ao% Nusmer'ical Pressure aC c~ cSJ

R1DlCl thrua C6 where a. i ::0 Ure shnnc iue 4 hu5 o h
sixtes M ch umb rsbetween 0.69 amd 1.69. The change i

cc*

vith isho deyticsl with the change In (Db)o•qAo or
(A Dgm)/qoA with wass flow ratio. Since W~itive drag is relatively
independent of cdwl shape' conglomerate plots of data for aU six cowls
can be made at each ,Mach nuber.

so t~s of a a (ovA• i D f xsjusatd In absolute value
,to correspod 2U the -measured data at Fo Ac M7 are also given on

the figures so that a direct cmparison between A DA and A DD
can be made. aRept for Mach 1.69# the figures show the measured and
theoretical curve shapes and slopes to be very similar. his means that

= curves maintain much pf•sica1 sipaificsace even, though they are
tamed fromADA ,nija notADA. "

For the subsonic oases vhere A D= = l1ss above A D=,•

ADAMo :
<1]

A DAM~ Vow

and Kv values should be less than 1.0.

For the superscmic cases A DWO I.sa above A DAM MlM. Therefore

A DAM

A D~ w

and K= values na be greater than 1.0.
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In viev of realistic flov situations, agreement between measured
values and theoretical values is wcarkably good.

2e few cases of Mach 1.69 test data Iluded In ths report have
questionable validity. Tinel flow problems were encountered at this Mach
nAber. 8hadovgraph pictures ta!ken during the testing shoy that a shock
wave from the tunnel vall struck the model several inches forward of the
coVl lip during two of the data runs. During the other two Mach 1.69
data runs there was a change in flow iauularlty relative to the model as
a function of time. For these reazons, the remaining test uaes scheduled
for Mach 1.69 vere replaced by other testing at lower Xach nmadbrs.

4..
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COWL AND S=D PLA PIM= D1AG

Cowl plus side plate pressure &ra~s are show an figures 51 thru 55
of Appendix M for configurations R1=1C% tbru C6 st the five t-13t Mach
nmbers *betwem 0.69 and 1.39. On the figures# each drag ecv has a
different zero drag reference. This spreads end separate the data for
clarity. The basic drag scale am each figure Is applicable to cofiguration
RWlgcl attly.

At both subsonic and supersonic speeds cowl plus oids plate pressure
drag 1s decr eased as Inlet mass flow ratio Is reduced. Additive drag is
1prtially recovered an covl and side plate Uipe. At lower m=s flow ratios,
the drag Is negative. These urfaces actually produce thrust. N ibcimlly
and supersonically (0.81. and 1.29 N.),, the drag drope to mere at imass flow
ratios as little as 5 or 6 ;sroeet below (AONA)p7,

As expected at subsonic sapeds thi rate of change of cowl plus side
plate drag with mass flow ratio is not maxi=- at maxim= mss flov ratio.
2he drag recovery curves are nxh like the matbmatical reciprocel of the
A DAm or A DAp T curve shapes show cm figures 45 thm M6. At mach

1.29 and 1.39 the reciprocal saialarity does not hold between ADAM Mo•0
and cowl plus side plate drag. Figures 51 and 55 show the rate of change of
drag with mass flow ratio Wo be, generally, maxima at maxima mass flow ratio,
Figures 18 MAd 49 show the A Dgm M elspe to be manmao at maxima mass
flow ratio and show the A DAM slope* to be nearly emstant for a vide range
of mae fow.

At kach 0.84, the curved (circular are) cowl c iguratimes have low
drug at high ms flow ratioe and low drag with 0.20 A* spllagea. The
straight eowls are definitely secmd best.

At Mach 1.3, the 0I curved cowl Inlet configurati•, WlSCl, still
give2 the best performance, but the'6e straight cowl Inlet configuration is
not too far behind. Of course, at high swersnic speeds, lov cow anglee
are best.

Cowl selectiou should be made an the bosis of the over-all airplan
missie and the relative ispwtance of the critical delp polists.

-4
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* flwc of the additive dras coefficien~t,, x= aer givem in f icixcs 56
Urn 94 . Coefficlents for the folloving data ae presacte Sn oardor of tUe
Indicatied a~ctlal Mach muber Uatinpa1

Simhb Imber

raPI)C1 5 5 x x x x x z
R1SAPC2 5 x x 2 x It
].IC3 x 5 x x xFUPIC x x x x x
jm.v)c3 x x x x x x
RAP.•C6 5 x x x a x
R,1S6C. 9 9 x x

.mCl 5 32 x x xa
Fasp2 x x x z I

SP3Cl x x x x
SmPC• 7 7 x x x

R3SlCl 12 19 x x a x x
5, 5 x x x x x

R4SPI.C4 5 5 x aMS4WC6 5 5 x a x x x
MW4IC6 5 9 X, x
i4&'4Cl 5 12 a x

A21 curves are taired to the reference mass flow ratio. Becauge of the large
and questionable fairing required for RW'1C1, a a 50, 68 a 120, No a ),.09, the
fairing Is shown as a dotted extension of the data. Por other cases, ex-
tensions vere shorter and wre simpl extropolatione of better deflned cumeshapes. As discussed and Illustrated earlier (figures 45 thm 50), fairing to
(A/A,)to generally eas, a mall extrapolation onay.

It was pointed out In Secti.e VI tbat the ratio (A DAM)/
(A D= =oar)u2•vA

1) cause, AD vau•es to be les than 1.0 at susmil and
tcamsoeic speed s and

2) cause maximm values of * to ofum be greater than 1.0
at Mach 1.3 and 1.14. A

Tbe KAM cuM8eshow these e*ffects.

I. The conficticm Il1nR.3C has two different slae plates, an 12 and an
513 side plate.

17
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At mach 1.09 and to a degree at 0.-84, the KAM curves for MM A Myr*
M miusAl relAtinshLP vith data of other comfiguratias, imLSation of
the date substantiates this trend. 71s"t, the cowl plus side plate drag
cumre sbovn on figure 53 for RiSPlCA at No a 1.09 does *how a reverae of the
usual curvature. These data are Indepandent of the KAM develo•ent, yet
th" y agree. Seced,, examnatioa of the cowl pressure profiles clcarly s&ow
a depart-re frcm th usual tr=d. On figure 9, oeterle cowl pressure are
platted for both the C3 (100 straight) and C4.11050 straight) cowls. Considering
the C3 data to represent the usual pressure profile trand, a clear subeta.
tiation for the AD data ts apparent. Mw C4 data show that a very Lare
decrease In presurearea Integrated drag occurs beti.,m amass flow ratioe of
0.68 and 0.•.

At low mass flows both cowls have pressure distrIbutimos t•Ical of
separation near the leading edge of tbe cowl. Cowl C3 shove separation even
at high mass flo ratios. Cowl C4,, at AA/A - 0.68, own inor Spraticn
theon re-attackuant of the flow. No separation is Indicated at AO/A a 0473
for cowl Cl.

Te KM coefficients for .•lC. thru• C6 ver conceptually cc=t.ed as
Indicated In SectionV. Bowver, because only the cowl vu changed from
ecafiguration to cofiguration It vas possible to eliainste data scatter
"see In figures 45 tru 50. A N of equation 7 vas foumn by addIng the
champ In Integrated cowl plus s*Ie plate drag to the 4 D values found
from the faired curves of figures 45 thm A0.

cowl* +ide Plate I ICowl + Side Plate
A 4 A DAM + Namericul Pressure umerical Pressur

Drag Integration j Drag Integratin IJM
here vwa very little scatter Sn the Integrated cowl plus sWde plate dras

as shown an figures 51 tbru 55, ad aLmost all KM errors due to data
scatter (Inaccuracy) ooiad be eliainated for the six cvl capariscom.

3'
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ffFDT OF BIDS PLATZ GEC,= ON 3ADD

Side plate geometry effects on ] are shown for five nominal test
Mach number betveen 0.7 and 1.4 In figures 96 thru 100 K= is shown for
eoofigumtious sP3&1C, RIPC, aSP3C, p - - 50.

At Mach 0 .7# side plate geometry has very little effect on inlet d4sg
except for large flow spillages. 2here, the drag of the extended side plate
configuration Is larger.

2he same general trends are shown et Mach 0.85. The cut-back side plates
look best for high spillages,, azd the extended side plates tre ecsiderably
warse.

Transonieally at Mach 1.1, side spillage becomes very Important. Nigh
drag will result from spillage vith extended side plates. The cut-back side
plAtes are obviously the best'if large spillages are nceesea=7.

At the supersonic speeds KD coparisons do not give spi.lage drag
comperisons directly sines dt~ orent (Ao/Aa) i uz-.ids Over-all
propulsion system performance should be evaluated.

19
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this point is extremely rapid. The dP/dx in this region Is approximately
twice as preat as the maximu dP/dx for the SP triangular sido plates and
approximately equal to the axium dP/dx of the M2 cut-back side plate@.
Further, the minimum pressure after decay Is only 1.03 Po, even lover than
the ainimum pressure recorded with the cut-back side plates. As can be seen,
the terminal shock wave did reach th cowl lip. This did not happn with the
other configurations.

The terminal shock travel distance per twit change In mass flow ratio
vas largest for the SP3 side plates and smallest for the M2 side plates as
vould be expected. Te larger the possible subsonic side cZlle, the smaller
the necessary terminal shock travel for that spillage. Frc= this data It is
apparent that a rigorous mathematical rodc- of the Inict flow situation must
relate shock travel to side plate geometry./

At go r 1.3, the PaSP2C. configuration captured the greatest mass flow,
and RlSP3Cl captured the least. In general, as seen frcm the terminal shock
wave position, maximum mass flow ratio was detemined by inlet choking. Te
apparent trend is: the more extensive the side plates, the more the boudar
layer build-up and the smaller the maxisimn mass flow ratio.

21--
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WR-SZ?--M3TOTAL TIT VON

To select the proper Inlet onfiguratiom for an airplane, th.
evaluation of

1 nT)coR" -711 - XAW( A DAM uzWW) u. x3)

Is nwt enough. 2w total drag czargeable to the Inlet mmt be evaluated and
ap~ea'p . This is

DWM KAMD( A DAM = ) (DAM)M

*.(Cowl + Side nlote
Pressure Drag (~.Sq. (14)

It is proposed that the user obtain f,,, n a synthesis of measured
data and theoretical calculatcion. The qui AMD( A DAM ( i) canU easAýated frcm Information already preosettd. WA- quan'ti•t

Cowv + Side Plate
Pressure Drag /

can be estimated from figures 51 thru 55 for the user's calculated Value

It is proposed that the final qantity for equatlon 1i , (DAyD),
be evaluated by using the methods of the mathematical flov model:- o)su A, Ud4
XI -- vith one exception. fhe exception is that rap drag at the reference
mass flow ratio, (DN)pi, be evaluated an an mpirical rheor than a
theoretical basis. Soctim XIV presents the empirical basis for (D3)p,"

I __________________________________________________ ____ 22__
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SReference 21 prertents a eompilaltion of theory and experr~etal data
an€ transonic flAov over twvo-dimensional wedges frcm the work of J. D. Cqle,0
No S. Tsien, Jo Baronp W. 0. Vincenti and Go Gunder]4,. The compilaticep
Illustrated In• figure 9 , is preaented In• the form of' "red•uced drag
coefficient" and "reduced MacE number",, both o1f which are f•ctlc=s of
wedge, thickness to chord ratio (t/c). In the wreduced" fo=,, data from many

wedges can be coalesced or' normalized Into the single cur•ve of" figure 9•
I A great deal of original test data from reference 1.1 supports Us, validitV

of this singe wedge drag curves

Reduced
Drag Coeff.

Reduced Yach 11wnber

FIgwe 9 * Wedge Drag

A simemir normalization of reference ramp drag, (N•)M~z, has been
attempted. It is understood 'that coMplete data coalescence can not be expected
beause of Inlet side spillage eff~ects., particularly above M•-1.0. Ramp
dregs for both singe rmap ( C1 w j ) and double ramp ( C9 ý, "1zets
Incl]uded by defining thickness and chord as &how.- in figure 10*

t ii

Figure loo Inlet Ramp of thmess and Chord

23
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For the teated configurations, if measured WSxiMU =as flow ratio i
exceeded (Ao*A)1:7', (DR)RP' was obtained by the wtraIgtftdvwws. process
illustrated in figure 11. However, Inlet choking caused by Internal can-
trection and bomndary layer build-Wp normally limi.ed the maximu (Af/A0)>
(A"/.)=• situation to the Mach 0.7 test data. thu, at higher Mach cumbers,
extrapolations of the ramp drag data vere required# also, Illustratod in
figure I P.

(4./AcAm

* hO/AC "ZLat Mass nlow ratio

1!

Figure 1. Ramp Drag where FI~e 12. Ramp Drag where
Max. AA,>(A/A 0)M IA/A< )W

Several restrictions were placed upon the aovable extent of extrapo-
lation to Insure against extrapolating to &g levels below the pby31Oa11
obtainable minimum. Two restrictions were Imposed:

Restriction 1) For the subsonic and sNpersomic detached shock
wave cases, DR was not extrapolated beqod the valu* at whIch
corresponding ramp pressure extrapolatUn shoved sonic flow
on the ramp at the cowl lip station.

Restriction 2) For attached shock rapersoei cases,,DR was not
extrapolated belov the value corresponding to the terminal
@shok wave at the cowl lip as deteramle by ramp pressure
profile analysis.

Both restrictions are given more detailed treatsmt below. Restriction 2)
requires the least discussion and is covered first. 4

Restriction 2) was applied to only two cases wed in the (DR)F2 simar,
MWSP3Cl at Mo - 1.3 and at Mo a 1.4. FigurelO8 Illustrates the ramp pressure
profile for the Mach 1.3 case. The terminal shoek wave was obviously at the
cwl lip at the maximum measured mass flow ratio. Mhe Supersonic Mathematical
Model of Appendix 11 accounted for no side spilla and gave an (Ao/Ae)RZ7
larger than the measured maxinw . For thes two eases the Integrated ramp "'
pressure drag at the maximum measured sse flow ratio vas used for (DO)P.
For the remaining attached shock cases, (DR) , ma taken as th extrapola"ed

value ofr4 at (i/Ao)p .

24I
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Restriction 1) is based upon a hypothesis of tdo effect on remp drag Of

the prosence or', absence of boundary layer. Certainly there is no question Of

the validity of romp drag extrapolation to account for Internal ccntraction In

the Inlet, but what of extrapolation beycd the point where local Kach numaber

would become sonic on the ramp at the cowl lip station Illustrated in

I. tiawre131
(A 0/Ac)M7

P K
SW.o lot. Cont. -Wk

P l.0

Figure 13. Sonic Flow at Inlet Lip

T figure shows a typical variation of measured pressure at the lip

station vo. -(Ao/Ac) found during teoting at 14O o 0.85 and supersonically for

detached•shock wave cases. Before the extrapolation reaches (Ao/Ac)•,.

pressures which would cause local sonic flow on the ramp are encountered.
Elimination of boundary layer would not allow exra•, lation to AO/A/7

but it would allow the (P/Po) vs. (A0/Ac) cu rvat 7ahiftMto the right until

It intersects the (Ao/Ac)Rv lSe properly at or above the sonic pressure

ratio.

It Is hypothesized that the ramp pressure distribution, hence minimum

ramp dreg, will be essentially the same when sonic flow Is encountered at

the lip station regardless of the presence or absence of small amounts of

boundary layer.

Using this hypothesis,, then, for all subsonic and supersonic detached

shock casesw (DR)I was taken as the higher of the two following values:

IS the ramp drag at (Ao/Ac)M?,-
2) ,the ramp drag at which local sonic flow would occur on

the ramp at the cowl lip station.

A suomary of (DR)Wi values obtained is given oan figure 109 along with the

two-dimensional wedge drag cur'e of reference ll . As noted on the figure,

planform ramp area Is used as the ramp reference area rather than projected

frontal area In order to alloy direct comparison to the wedge drag curve of

reference Ul. In all other portions of this report, AR refers to ramp

projaected frontal area.
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In figure 10% the subsonic (DA)RE? points are the symbols In the negative
region of reduced Mach number. Re iarýases of aide •late or ramp gecmetry or
test Mach number, these data coalo3od excelloently. Mhese subsonic referencoe
drags, particularly those at Mach 0.7,. ie above the vedge drag curve as
should be expected. Wedge flow corresponds to higher values of (A0 /A0 )Thw
than have been assigned to the inlets.

It can be seen that (D%)Fa Is not zero subscoicslly as Is predicted by
the mathematical models of Appendix II. For this reason an empirical rather
than a theoretical value of ramp drag hs been suggested for calculating
0'm2k. of equation 14.

2e solid symbols on figure 109 represent inlet operation at supersonic
speeds vith a shock wave detached from the initial Inlet ramp. All data
except the Mach l.3 and 1.1 cases of R3WPCl shm reasonable coalesence,
especially since data separation due to side spillage ti to be expected
supersonically. It Is appArent that side spillage causes the reference
ramp drag values to fall well below the tvo-dlnensional wedge drags.

Uhe five flagged symbols represent two-ramp inlet operation (a C
where an oblique shock wave is attached at the initial ramp and a detached
shock wave st&-4a1 Just forward of the second ramp. The mathematical models
of Appendix 11 were not designed to compute a reference mass flow ratio for

-these cases. Therefore, these five points are shova for the maximu measured
mass flow ratio. Because tunnel flov was slightly misaligned at Mach 1.3 and
1.4 and becaute on a comparable (Ao/A 0)Rnr basis these drags should be saoe-
what lover, It is suggested that (DR)p1m values for similar Inlet operation
be selected at the lower limit of the ,.rImary range of data shown an the
figure.

The open symbols (unflagged) at the right of figure 0•denote (DR)W
values for the supersonic flow case where an oblique shock ave is attached
at the initial Inlet wedge and 0 a 8 . Except for the HSP3CI cases, ramp
drao were extrapolated to (A/A" ) " to find (DR)W . Analysis of the
ram pressure profiles for these cases showed that the computed (Ao/Ac)p7."
values were too wall to correspond to shock-on-cowl operation.

It is proposed that reference ramp drags, (DR)pa , be selected f~oa the
"primary ruage of data" of figure 109

As a first attempt, ramp dh normalization has been very successful
subsonically and reasonably successful supersonically. A means of =Lfication
of ramp drag data for performance prediction seems to be almoet a necessity.
considering the r_.aetric variations fro Inlet to Inlet. The reduced drag
vs.. reduced Mach number presentation of figre109 appears to offer a
reasnable approach. More sophisticated mathmatical flow models for
(Ao/Ac)pM predictionsI, especially at the higher sqpersoui@ opeedspare a
desirable refinement of this approach.
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The chargeable lnlet'spllage drag, Dj= Is given In coefficient
form for cf f•guratiois RSPICie thru c6 at Mack 0.834 and 1.29 In figures 110
and LU of Appendix In*. U,-jML l equatin 3,4 vas defined

DMM -'(A DAM. o (D

,(Cowl + Side Plate *D * 'p~ ]Cw.Sd lt
4 Pressure Drag RE ADD f 1e l

and its evaluation was explained. Evaluation of DTOML from actual experf-
miental data, as in this case, Is more direct. Consideration of 'equations
and, 1h shows that

D.a - rD D (DhDD) +] [f(P-PO)A] Cowl . (D A9 II Eq. (1-5)
Wed plate

The first term was obtained directly from fiures 45 thru 50, the second
term fro figures 51 thru 55. The term (DAM)p" was evaluated as discussed
In Sections XfII and XfV.

As can be seen from the figures, the circuli. ar cowls are besat
subsonically. the three straight cowls ar definitely second best. Super-
sbocially at Mach 1.29, the C1 100 circular an cowl and the 60 straight cowl,
C2, were best and quite comparable. At high supersonic speeds low angle cowls
are, of course, best.

The thick cowl, C6, had low drag both subsoically and supersonically
at Mach 3 for very large spillages. Bowever, at high supersonic Mach
numbers the drag of C6 Is expected to be large.

#VT
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Measured external model drag coefficients vs. a" nowv ratio are giver .,
tor eonfIgurstions

A=; a. 50
.BlMMCl; a 50, S 129
2SP.IClJa a 50* le

315IC' Oa a . 0

fr Mach 0.85, 1.1 and 1.3 In figures 1 L2thu l.of Appedix XU. Th upper
pArtaof these figures illustrate the ee.ct of incresng the variable rao *
ange. Tie lover curves shov the effect of exyog the com.

On the abslissa axis of the figures, the captuvd airflow, Ao, Is
.'atloed to the capture area of the RI.•I2C. @cof1uatioD. This vas d~e

because of the changing inlet en area involved In varying the ovl.
Using a fixed AO in the A./A ratio altor~a direct cparlscn Of Opillag
drag by varying Use ramp ange and by varying tUe cod.

fto ordinate aii s oov measured r drag s a by ,ition
7bmjp• the ordinate wsuet drags ar*

* [8�~ B&] e Plate

and contain a constant drag value Pertaining o tl tothe iodel, not to an
aircraft proplsion s•yate. C

the chargeable inlet drag at (Ao/Ac)jz for m.Cl, afo =#-

Co( l + ide Plate)( W .
as defined in equation 14 is indicated on each flgue. 2ben, the ebargeable

drag for any configurations beecmes

DIMAL a- [ ,-Po*] Cewl

nu.4 nlate 3q. (16)

-*P=-5

So&A
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ForexPl on fiA MD =of MM(M'. atOVlach0.3ac=

a - -(.2060.025%)

vhero A, agpin,# Is the capture arca of MM=.C1.

As can be seen from the data of 1IgUres 312 thb U4 both Increasing the
raMP angle varying the oovwl reduce &pillage drag. For the partIcular
model geonatries tested and for anticipated spillagas, ragrp variaticn ghoved
lower spillage drags than cowl variations. A m~ninmn dreg cnfiguration cold
be obtained by using the cmbinaticm of remp and covw variatin. Hoat suyer-
sonic aircreaft must have a variable rump. A variable eovl would be an addition.
The variable cowl veight penalty u=at be traded against lover -,pillaga drag
before a variable cowl can be Justified.

I
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S7LAG DRA,, BAZW vs. W= COI& LM

Several blu=ted lip covls vere tested for possible applicatic in
* yperscnic inlets. Figure 115 show a c€=prison of the external drags of
configurations PiSPlCl, C7 and C8 at Math 0.65 and 1.29. Te abscissa and

Sordinate ames of th figure and the "zero drag reference" of a sqaila?
presentation wre explained In detail in the proceeding section. AgaIn,
drag is shown ratloed to the capture area, Ac, of configurat.oo PMSPCI.

Cowl C0 had a sharp lip. Covls C7 and C8 had lip radii of 0.0Vi and
0.1", respectively. At 0.85 Mach the drags of FaSlCl and CT are very
comparable. Tha small drag difference at the hi&h mass flow end of the
plot ma,, In part, be due to data scatter. 7he lazgr lMp radius an
31.PIC8 d1d cause a drag penalty.

At Mach 1.29, configuration d•rag vas very definitely a fmetict of lip
blmtnwes. The smaller the lip radius, the smaller the drag.

30.

______________ ____________________________________ __________r_

___ 1~ __



§41TV1 AUINICAN AVIATIO. iNC. / tOI nS lSI VSiilil

CuiMzcVS AND P 'M TIMS

M. When transonic inlet performance Is considered in Inlet selection, the
total chargeable dr0Z of the various inlet configurations should be evaluated.
7hough a given inlet may achir.v a high degree of additive drag cancellation,
the total drag of that inlet my) eliminate It from consideration.

2. Lover spillage drags vere obtained by using rotation of tho variable
external remp of the inlet to deflect excess airflov than by using inv~rd
rotation of a variable cowl to spill air, Since a variable second extoral
ramp io normally required on srperscnic rectangular inlets, thore is no
Additional weight penalty involved in using the variable ramp to obtain
lover transonic spillage drags.

3. The combination of variable cowl and variable ramp should achieve lover
spillage drag than the ramp alone. Rowever, the transonic sp•lae drag
decrease must be traded-off against variable cowl weight penalties.

ii. Blunting the leading edge nf the 10P circular arc cowl had little effect
upon additive drag cancellation, and edge blunting did increase total
chargeable inlet drag. If lip blunting is required for take-off performance
increaess, for anti-icing or for heat-transfer or structural reasons, the
blunting penalties at transonic speeds can be estimated from data included
in this report.

5. Circular are cowls with 100 and 150 initial angle shoved lower drag
than the 60, 100 and 150 straight covls at Mach 0.85, both at the reference
mass flow ratio and 0.20 A .JA0 lower. Supersonically at Mach 1.3, the 100
circular are cowl was still best, but the 60 straight cowl wa a very close
second. Of course, at high supersonic speeds low cowl angles are desirable.

6. Hathematical models for the computation of theoretical additive diag
have been devised. 7e moiels were deliberstely simplified to make hand
calculations practical. Because of the large number of such calculations
Involved in test data analysis a computer program vas written and is
included. In additions additive drag correction factors, KADD, were
determined for a namber of inlet configurations from experimental data. By
using K=D and A DAM T wO.r which is obtainable fr.m the mathematical
models, the drag for airflov spillage below the reference mass flow ratio
can be determined.

7. Ramp pressure drags at the reference mass flow ratio for transonic speeds
have been normalized and comlared with wedge drag theory develope4 in
reference 11. 7hee data p*vyde useful empirical Information. Cowl plus
side plate drags for a nuembe of configurations bave also been determined.
fe empirical ramp drag and c:vl plus side plate drag (at the reference
mass flov ratio) can be usa to eampute total inlet drag at the reference
mass flow ratio.
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8. T'otal abargeable nl.et drag at any mass 4ov can be fcwd by sumng
Uw ( A DA= moiy ) fr= item (6) &:A total drag at the reference iso
flov ratio as discussed In Item (7). It is recoended that car* be taken
In selecting KAM and the covl plus side plate drag. Covl shape was foud
to be very important In spillage drag.

3
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APPTMIX I

W=D TU=~ V.ODZ.DSCRIPTIN

1. General. Me model description vIthin this appendix Includes all
infoivation needed for co~prchanzion of the reportcd data. A detailed
description of the model, nodel construction drawings and a description of
the on-test-site data reduction equations are &vallable In references 12 or
13

2. 07er-all A.r=•n••+',t. Figure 14 Illustrates the force model assembly.
In gnerl, only corpc=ts of aorodyzaie Interest are sbaoy+. Basically,
the inlet is categorized as

* superconic,

C extarna. rc• type.
lnter~eb d cowls, cde platos and fixed initial ramps were constructed

for the model and tz..tcd. Variable remps were attached to the aft end of
the fixed initial ramp. The ramp train consisted of the f-i=4 Initial
ramp (intere•mnaoable), a cecond external rap, an internal throat panel
and an aft panel. The throe variable panels we remotely actuatable fo
the wind tunnel cwtrol ro=n, alloying the second external ramp to be
adjusted thru an angular range of 50 to 120 with respect to the free stream
vector-

The ramp train ,an connected tobether by rotating "piano" hinges. For
each intarchnngeable ramp inctallation, the forward hinge axis of the
variable external ramp vaw fixed. Power linkage of tke parallelogram type
was attached to the throat panel only. Thus, all th'oat panel locations
could be described by a scrios of translations of t..e panel along and
perpendicular to the fixed longitudinal axis of the wodel. A sliding
hinge at the aft end of the last panel in the ramp tzmin allowed the end
of that panel to slide back and forth along the subsonic diffuser vall.

To simplify drag =zzurcments neither the raMp tra'% nor any other
murfacc of the model had boundar laycr removal provisi's. Since boundary
.cycr was not bled off, care vas taken to eliminate the pt.ssibility of

flov separations in the forward portion of the inlet causud by jets of
high precsure air fed into the duct f- beneath the ramp train. "Teflon"
strips were insertai into the edges of ie excernal ramp and the throat
panel. This afcated s ti%6ht, though slidingL, seal between ramps and duct
walls. The "piano" hinges at the juncture of the external ramps and at
both ends of the throat panel were entirely encased in hardened liquid
rubber. The rubber, though filling all joints of the hinges, vas
suIf~ ently elastic to allow the necessary minor rotations of the rass.

At the Juncture of the "live" and "dead" portions of the force model
a labyrinth seal .us inatalled which virtually eliminated flow leakage,
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2oU~h s9=all the leatage flawv t: calcul..ted rcm measured pressures across
A the &I using seal calibratio cu;-.-,.:. =ll data were corrected for seal
loaka-,. "Live" sectite exit conditio=3 (tot" and static pressures) were
measurod by total head rakes, static rakes and wail u.tieo taps. Flow
straigtaning screens vc.-o Installed forward of the "live" cection exit to
Unprove the exit velocity profile.

The "live" and "dead" portions of the model were attached thru a 2 1/2
Inch dianeter Tack Kark 311-40037 six ccmponent force balance (280 lb. rated
chord force) supplied by RASA Ames. All pressure taps located on the "live"
section of the model were read out thru RAESA a.es supplied "Scarmnlvalves"
located on the "live" section. This eliminated the need for ,umpering
flexible pressure tubes betveen "live" and "dead" -odel portionsI which
could have cauaed force measureatnt error3.

A large aorodynaaic shield was fixed to tt- forward end of +.be "dead"
section of the model. The shield projected fun.-rd over a considerable
por-tio• of the "live" section. Rot only did the &*aield surround the
balance and "Scannivalvaa", but It surroundod all porticna of the "live"
section of the modxel vhore mvaantod chan•je& in pressure drag (as a fu=cticn
of inlet mass flc'.- ratio) might occur frcu flow spillage over the cowl and
around the sdo plates.

The ilntial portion of the "dead" section consisted of a diffusing
pipe "a4 a long section of flov strmightening pipe ahead of the flow
maeterin,6 nozzle. Four differc=t L.tering nozzles had been constructed
to assure proper meter size for various test conditions. Most "dead"
seutioz •;r-'zure3 were read out thru "Scannivalves" located on the "dead"
secttio. The metering nozzle pressure instrumentation, however, vu
routed outside the tunnel and read on high accuracy e*qipent to assure
valid mass flow data.

A remotely actustable throttling plug located at the end of %be
model vas uneA. for inlet mass flow control.

The entire model assembly was cantilevered from th3 vertical tun.el
strut, and the model longitudiral axis was fixed at 00 angle of attack,
00 angle ol' yaw for the emtire wind tunnel teat.

3. Interehaneable Cmmonents. Several differant Initial ramps, sets of
side platos and inlet cowls were constructed. The model was such that
many rwap, side plate and cowl ecbinations could be assembled and tested.
Figuie 15 illuatrates the assemly RlSlCl, c~ablning initial ramp RI,
side plute set SP1 and cowl Cl.

In all, four initial ramps, four sets of side plates and ten cowls
rere co-structed. Ramps R1 thru R4 are described In figure 16# side rlates
SPi thru SA In figure 17, and cowls Cl thr ClO In figures 18 thru 20.
The followcig combinations were tested:
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* ~RLSPIC3.

RlSPlC5 Ip
nIWIC6

RXSPlC7 and CS asaocb21es vers !9at4e 'Ziwsxg fav tborsoi,' ac'V
rations. The FaslC9 and CIO wo1j-:(ax U;5"-+'h ri~th Cut U*sui
El&'2Cl, 1m~zlated bir~ed covl 21 A-s

Out by the MWSPC11, RSP1C1 an A

The R!ISPII, cI& vz4 C6 ze,,' ',. & i'W P.2 A * 1~
tb'eo cowl. chap* variational.

vare rocordcd on the ex-tcr.mal ~ ~ fLz~ . 'A

Ramp., side pl~ate and4 cowl Two~~ih~ tu , TArt !,z rP.vv
Aata, Altb3or2gh rAny other mcd -rurr tr. )e I=*( 1411a
redu~ction., they are not :L11ustmU4 tw l~oi tx ;tv
comiplete instraumetatlion detaIA&z.
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Ramp A E

RI 4.959 0.434 50

R2__ 14.930 0.605 r0

R3 4.853 1.032 120

A
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AJ•ENDIX 11

TI=F=CAL ADDITIV DRAG CO.7UA2TIN

1. Oerc2l., Contract AP 33(601)-249 required that, prior to testingg,
£th i'cc7ZX eluOsf theoretical, additive drag be hbpothesited rczd that

th=o d=Zo be ¢cpwJted for the contractua.ly required test configuratiots.

A FoVr=tn IV achaco program vas written for this purpose. This appendix
doci=ts the vathcatical models and the machine progrus. In the folloving
pM.0,, the mathcmatical spillsae models are dicaussd first, folloved by the
program docentation.

2. Mathemaitical Model - Subsonic. A free body die•"am of the subsonic
edditive dreg -sitation La given• U tgure 25. Assuming al flow to enter
Uts et in thU a direction# the theoretical additive drag Is

(DAM =OIM ALnc°& [VHIL.G + (PLIP" P.)]

2

i (:47)

2bn,, to determine the theoretical additive drag the folloving assumptio2S
are made:

Assumption 1) Subsciec flow behaves one-dimensiona1.ly
(including the assmptiou that all of the flow entering
the Inlet Is In the 0 direction)s

Assiuptiom 2) Perfect S" 1A )' .Zj

IO

-~~0 ---- KI.4.

FO j-

Figure 2j. Subsonic fheorsetical Additive
Drag Vmentu 'Ba e
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Assiztior 3) No subson:c •llo o'-curs over the side
platesl

Assumptioni 4) All flow processes are isaarcpio (wept
thru shock vaves);

Assumptiona 5) Pit (P0 + =/

Th* first four eascum~ptions are general and apply 'to &Uas, tbemtical models.
2ba fifth assuir:ption applies only to the subsonic case. Ass=;tmiucm~
enables the calculation of ramp drag,

3. P.ath~atical Model - Trannovic l~tc~ nitii. E~ock).' Th transotile
zatlwiza~i~ Uod.o =of thsoi'otical additive Qzag is 5~suan,&Ziu1IJ the som as
the susonl model. Aosrptlons 1) tbra 4) apIy. Ass'=ptI=.•) loss not.
ZzstaoJ, the average ramp pressure is ahfinod by:

Assumption 6) P R - *PS+P1p/

we avera;e rczp pressure is the sarltbmtic avorzo nf pressue behind a
deta~chz4 norma~l shock (pu,,) a" preasure at the lip (P~jp), Again,
(DD) 0 can be found fram esuatic= (15).

II. Vtbh-atical Modcel - Squercc~ic (Attach'-d Maitial Eh4DCk). 2be s~rpersonac
math-aIcal modol and tao ccp-.ter proýErSh le a one external shock vwve
(cue r.--p) case only. Model and program can be extenred to mltiple ramp
sltvttic2z, but ccotractuall computaticns for viich the progpma s pecIfIcally
desig;xc. aore restrictod to a- eee.

A prin roquiruient of the mode'.s vuas a l whicv allovs
reeabl~y rapid ban eapiuticus of ".hwretical additive drag. Yetp the
ath=atical model should produce drag curve shapes similar to measured values

if AW Is to baye plaicall significance. Though this vas felt difficul to
achieve for the supersonic case It was, successful as Is illawtrated by figures
4g5thrUa5O

In the supersonic model, three spillages vere con••cered: se'rsaoli
spiUage over the covl, subsonic spilLage over the Cnll, ad supersonic
spill.age aroumd the Irlet side plates. All three spillages are defined
belov.

On an actual Inlet.t h* terminal shock wave travels fore =A aft as a
ftmotion of sutcritical spillage. oweverr, for the mathemateal model,
Ass=qtIo. 7) fixes the terminal shock position as Illustrated In flg r 26

Asesw .im 7) 0e terminal shoc vaoe Is defined as a
normal shock which has a fixed location an inaftl.
tesimal distance forvnu4 of the cowm..

50-
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to p

T~ ~ ý--Termna Shock

A0D.. ----o'lique Shoc

Figure 26. Supersonic Spillage

This assuVption leads directly to Assawptions 8) and 9):
Assumnption 8) The drag of the air spilled supersoaiceLly over

the cowl Is a fixed value at all mass f1ov ratios

DADDSW Aw -p(PW - Po)

vhire Py 1. tVe pressure behind a tvo-dineusional oblique shock
vaT..

Assumption 9) All air spilled subconically is spilled over the cowl in
distance dl. MTfia if side p'-atea are such thit side spillage
occurs, all side spillage must take place ii the supersonic flow
region forward of the terainal shock wave.

The mathenatical model considers sWoe sp'.llt. around inleta that do
not bave extended side platos. Figure 2 Tillustrateo the area through which
side spillage vas considered to occur for the mathemtical model of an inlet

"["/2]U

/ A -Co tiov Line
-Parallel to Rep

4imr 27. Side Spillage Area

~~!
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CLanel I EX~r'XiIon Fan

-S~ock
l"ow Divider " r I

C-... nel 2 0*6 6 U Ln

9s Shock --

Figvre 28. Side Spillage Co,,U*tions

having triangul'r side plates. The inlet shown has freestrear. tube area
A0 ente:ing at the lip. The area 2 OSA - A,-, Is taken as the totpl side
Spillage area for the two sides. To dete . the drag of aide spillage,
the spillage pressure PSpL must be detemined.

Figure 28 illuztrates a flow sit .tion similar to side spillage. Two
cinnels of flow are &hown- Iitially they are divided. Downstream the
divider is elizinated for a short distance. Channel #1 conditions are
LAntirlly oi•~.iar to conditions on the first ramp of an inlet, PyR, MFR. On
az i,,i,.• th-.-y are obtained by ramp turning from the freistream. Channel #2
repreocnt- freestream conditions. As the flow papses the opening in the
divider, Channel #1 flow expand, into Chbmel #2. This expansion forms an
aerody-.amir wvege which create;, an obliqT4& shock wave in Channel #2, rsiclxg
its pressure. T1e slip line angle is such that pressures in regions 3 and 4
are equal. For the small wedge turning angles, a , of conventional inlets,
is very closely gIvez by

Thus,

Assumption 10) P•p=, and PSPIL are obtained by calculating them to
be the conditions after turning thru the wedge half angle fromn
the freestrerm.

The side spZll flow Is found from the continuity equatloc to be

oSPIL SPIL & y "2 1
"oP3 ASPILP o -Li -2 XWI
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-7

rPaxal.Uel to Pa np
A0  Ao

-LL

Figure 29. Flov Field Forward of ?erminal Mock
(NsO SideSplae

and the side spillage drag is

DAD_ L =AonP~p ' - Po)

In addition to supersonic spillage over the cowl and around the side
plates, the mathematical model .considers subsonic spillage over the cowl from
behind the terminal shook. For the case of an inlet having extendpd side
plates such that no side spillage can occur, figure 29 Illustrates the
mathematical model flow condltioue in the supersonic region forward of the
terminal shock wave. Here, flow Ao enters the Inlet. Flow A iU is spilled
supersonically over the cowl, and flow AOSUB is snflled subsonically over the
cowl In distance dl. Figure 30 Is a blow-up of the cowl lip region illustrating

Terminal Shock _ _ _ _ _ _

DWD •°' ' k • •A'
PADD./ 'LIP

Stagation woo PLIP ALIp
Streamtube WOW

Plis - "l
A 

r 
0

Figure 30.* Subsonic Spillage
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subsonic spillage behind the te•-inal shock. 7he free body force=.enti
diagram for obtaining subscalc ai2i e 4rag, DADD.-JU is also sbovu.

For a few inlet configurations the ramp may "oreak avay" significantly
from a rtraIght line ahead of the cov' lip plane, thus producing an expanaicn
of the ramp flow byhALAp (see figure 30). On the vwid tunal model the
"break avay" was minor. Ir has been neglected in the mathematical model for
simplicity of hand computations.

Assiumtion 11) The external ramp is defined as a flat surface
at angle a up to the cowl lip plane.

Assumptions 10) and 22), respectively, lz.ply and define the supersonic
flow conditions on the ramp as beirg fix.ed. Asumption 10) implies that
PNF and Yf do not change with sWe spillage, and Assumption U) *liniates
effects of minor ramp cxrvatures. Asnuaption 12), below, clearlf states this
invariance between oblique shock wave and ter.4nal shock wave.

Assumption 12) For Inlets with side spillage or minor remp
curvatures, the Mach nu;ber and the pressure along the
ramp are assted to be constant and equal to the o'adl-
tions behind the oblique ramp shock wave.

The subsonic spillage drag by a force-moentum balance is

PD -M "cc YCS (FLwpALZpML5- NA S

+ Cox a 1-il (PLIp - P)- ASN - 0

Figure 31 shows the eamplete flow field with supersonic spillage,
subsonic spillage and side spillage. As the flow tray3ls up the ramp
behind the oblique shock some of the air Is spilled over the sides, and
the stagnation streaitube expands to A•y, although Assumptiou 12) neglects
the effect of this expansion On PRF and ?4F. Thus, the matbsmatical model
ramp flow conditions are those of a tWo-dmenstonal Inlet (to solde spilagR)
with a froestream tube area equal to AOM where

A c - Ao +oIL
and

-AOV (Apy/A*)/(HW/;) (AdA.)

The total theoretical &Mditive drag for the supersonic case is, thc.n,
the sum of the three spillage drags

(DM = DA -M+DAD % +D M2
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vhere, in suary,

DAM6W Ao=(P,7 p

DA - *V COG (PL~pA PýXL9 PSA aI

Cos a [ (P, - P A. (P. -- )]

DAD-sD, Aow3L (Pspn - Po)

. Machine Prop__._. The main program of the rectanzgula inlet additive
drag program solves the (;DgD)TTIxRy equations Just described. Table I is
a listing of program subrou iae. A complete set o flov diagramBs end a
Program listing are included in figures 32 azd 33. The supersonic branch
Includes an iteration process that calc'aites the =&I= mus flow ratio
vhich the Inlet can ingest, assuing no Internal choking. This routine is
entered if the su of the Input mass flow and the side spillage Is greater
than AD-M. A sample of the output for thi. case and other outrut casces
aare •ncluded in figures 34 thr, 38. Figure 39 .L.ads the print out key, and
table n is a listing of print out definitions.

Two major subroutines Included In the prctraz are discussed below.
Flow diagrams and proZram listings for these ar included In figures 40,
41, 42, =A 43"

The Ideal Deflection (IDEF) subroutino calculates the fly e•onditions
behind attached oblique shock vaves using equations from reference 14 .
VO an oblique shock solution is not posaible, the main program calculates
flov codttions behind a normal shock using equations fr4= the sa
refercDce.

The Vide Spillage (SPn) subroutine calculates the freestream tube area
of the air that spills supersonically around inlet side plates. rt Is
limIted to inlets having only one c5lique shock, as is the -ai program,
and to the side plate shapes used in this test. The side spillage area
is found by the use of congruent triangles and the known Inlet geomtry
as shown In figure 44. Use Is ade of the plane seotry theorems

For tvo congruent triangles, the ratio of their areas is
equal to the square of the ratio of a representative
dimansion.

Nov Ao "i a iviewsentative dinension of the trianle OSA, and A02p.,4X
Is the corresponding dimension of O3C. Similarly, (AceD.)AX - AO)i1 a
representative dimension of ACB, and A•eD.XAX Is the correspcoing
repr'esentative d*mnsTon of Oa,.,

S.6
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ABC -A... (AGM..,. Ao)/ A t 2jA

A8ZL 2[ix.T (-A0/AQgW4 =p ) 2* A= Am (X A- AM 2

3e cozntinuity equatbon can nov be used to convert the stream area of the
spilled air to a freestream tube area.

1/2
Acpa - A (P3 o) ( 1,4)s1 (a /2) "- /

1 2
Altohaub aw a •ouzt of "cut back" area = be used, AoS?1 shbold •to

be Calculated for cass flovs less tbaza P., (see figure 4J). To tue the
program for extended or 'vo-dlwaionwl a- e plates, a large negutite
amber =,st be put In for AC /Ao aW Zero Or AU //%.

'7
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Ir

Tag. I

Machine Program Subroutines

Subroutine Deseription

oTI (Main) Control Program. Also does the WJority
of the ealca'lctcza of AdditIve Drag.

SPI'. <Calculates f.-,catrz.. tube area that Is
spilled sup2rsecoicQy around the s14e pl~ts.

D Calculates the conditicas behind a ti.
dixense•Joal at-,.cbz oblIqua shock.

DER Reads In data. If more tb.noa* ecad Is
being run It Ii only necessary to hzve
Input cards on the Impute that are different
than the preceding case. If no nev value is
given for a particular Input It viUl. se the
Ia value that vas used In the preceding c

CLEA Soue the data storage region to zero.

A.RCCa Ca lates the a&ceoal&e.

ARCSZ Calculates the arv•s,,e.

ARCTAX Calculates the arctanaent.

/ COS$IK Calculates sine and coslne.

C C £olves basic oi,•c euatIcm.

S/CW Calculates cube root.

/ T Calculates squar root.
/

/

- --] .___'_,.__,_ . . ... "
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I '

Airs 1 [2 2(-1) Y-3 2

A~ In

A* Acp A

cgcul2te "f Using th. Zravtn Metbod of

Iteration cc the Expr•ssion:

ALI 1 [2.+ (YV4)XL 22 (.)271
A*;- AM (y +I)

Use Initial Value of " Noar Inflectio

First TrY (YLIp). 0.3

If Does Not IP, ' ....r.
rge 'LE 1 -1. ~ LP

f , \ . _ .10F~LIP -LPap S

I

02A ( .... .... \'° -Po J0.

iý .. ) )os a + coactA0 eA PO

fi±gur 32. C.'4inued
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Suo=.. !.-c Dce.ched IL-ancb

Po

Pe

E . [VY+I)4 0 BF(~~p y
.0 -1;X-2

p 1 0 -P 0

Calcu2Ate ML3: Uzlzg thie Newvt= K4etbod of

lZtoratum Or the Erpresrsioz:4

2 + (Y1) -EL

Use I~itial Volue Of HLpNear Inflecti=

irsrt 7'ry N= - 0.-3 ___________

Ilf does not c=,vorge

Figure 320 Cant1zued
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ILL, -P 4. -

Po BLI

CCAWp, Ay~jp Cos*B (PL3\ PUP

Ac Po LAC)

CCADD - (CCADD-P)

C CADD&,Th - 0 s CAD U .0

CCADD- a CCA 3- Ao~p3 0

Aosl- A0  AaJ

Ac Ac Ac

rigure 32. Concludod
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Table n

Print Out Definltioza

Smo Definitions

ACUTIA SLi.e plate are ratio ini tria-gula side plate
aea ratio.

A5A' An Imaginary areS used In aid spillage calculation
Aas t kown part of a c•cXr•tzt triange area ratio.

Al Inlet lip station area ra lo meas=rd fro cowl

lemding edge to razp surface easured perpendicular

to the flat part of the second ramp.

ALIp/AC Inlet lip station arc-, ratio veasured from covl
lemding edge to a straight line extensinc of the
forward part of the second ramp masured perpendic-ala,
to the forward part of ,he second ramp.

AR/Ae Rap frontal area ratio measured fro first rasp
leading edge to !%let Ils utatliu defined in A A

Aon.fA c Kass flow ratio spilled e-ersemnicly around tb,

side.

AetnIAC Pass flow ratio spilled subsonically over the cowl.

A.=U/A. Mass -flov rstt Ii11.lld siperscic2.y over the cowl.

Ae• IMaes flow ratio entering the Inlet.

CCAD-P Additive drag coefficient, (D/PoAe).

CC�• dtiv dag coefficient, (D/qok).

CCAM-oSPIL Portion of additive drs due to supersonic spillage
of the air around the sioos, (DfqoAc).

CCAt-80 Portico of additive drag due to unu•msic spillage
of the air ove the c€v2l (D/qoA).

CCAD•-MP Portico of additive drag due to ov~erscoie spillage
of the air over the covl, (D/qeAe).

P/10 Total pressure ratio an the ruq.
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uuble In Ccatitiv4

&ymbol Definiticos

* 1• 14Ach annber at the •l.et lip staticn.

Mach muber behind the nomvl shock.

Mpt Zaitial Map% 'zber an the rmp, (for uiieracir•o
v is assumd oon stnt over the total rz=2).

Freestraam Mach n=ber.

PLM?/Po Static pressure ratio at lip station.

PVB/Po Static pressure ratio behL the noras shock.

PO,/No Initial static pressure ratio'on the r'tp.

V Inlet Width

X Norizonta. distance fvcn the first rcap leading
edge to the cowl leading edge (in inchms)e

Vertical dist4nce frm the first romp leading eap
to th covl leading edge (In Inches).

First hap anglo . frcm freestrear.

Specific heat ratio.
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Sr z•tra~eeo

L c.lAte Uioe:al Parnaters

(741) ; (7-1) ; (v17)/4

Shock Ange o Max Deflectico Flov

sio2  
-1 X22 1/2

MAX k y 2 ( . .+

L M,

'M" Deflectiona Anse

6 uarctan [cot NJG6 ~jM
M4AXVA l2

K2

Detache i N"6 -
MAX

Solve 7he Cubic Zq'n For sin92o

fin60 + b sin + c a ui 2  + d 0

+2 24+i1(712(4 c,"26
b y - sizn26 j a12

Mi- .. ,., ,,. -Mi•
2T

Figure 4QI~ ds. Desfleotic Subroistine
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Experl etal Rleview of Transonic Spillage Drag of fleet ngular Inlets
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Peterson, )Xaftiae W., Twplinp 0ordon C.
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49~ A1A7L-w.-66-3o
~ a~aAS~Iy/~wA ~Thhi~1s doctrent IcBU subect t4o E2CJIa eýýO t C o-t4OIs ex

each tran~.ittal to forei~n eave1-~'ents or soe 09 ,n at czJ ay Uc. made ony itAn
prior approval of Air Force Propulsion L.ab,, Cctponent3, FBrnc of Research and
Tech., Di'*.isicon olo Air Force Systemi Cci~and, Wriibht-Patterz~z Air F..rca BLazaj Ohio
is. SMFPt.35W81?A5Y NOV58 1 1PONICMMO MILITANY A..,-,V$(Y

IAir Force Aero Propulsion Laboratory

____________________________ Jrhgt-Pattersc-a Air Yo-ee Base Ohlo
$$.osTC Inlest sized for supersonic a irc-raftV ra ion are 75vcrv5izWajtqLro.
sonIC speeds. Spilling excess air around the inlet creates spillage drag which can
seriously penalize the loy altitude penetration range of mixed mission aircraft.
Spilling, also, creates Inlet cowl lip auction forces wh~ich c~a cancel a portion of
this dreg, but available data on spillage drag and Ito pasrtial recovery on t~e cowl
lip were not sufficient for necessary design ard performanct studies. Gener=.lizcd

widtunnel studies of Inlet spilla" were required to supply the needed inforzxaticd.
In 1963., IAA/LAD designed and built a "workhorse" modal for in-house teats of

pitoot Wnet spillage drag. Under contract A733(615)-2J.96, the *wrhre po.tioc
of this moel was fitted with rectangular supersonic inlets. W ind tunnel tests
wee concducted and are reported herein. Testing was dome in the NAMA AN-o !"..eaXVc

Center's 6'x6' Supersonic Windt Tunnel, primarily In the 0.7 to 1.3. Mach numiber
range. The model had four Interchangeable romps, four sets of side plates ard too
interchangeable cowl*.

Low drag flow spillage requires decreasing the inlet flow area by (a) increassr
the external ramp angle or (b) rotating the cowl inward. Test data show that rnnP
&pillage creates lower total drag. liie minium~ spillage drag configuration would
use minor deflection. of both ramp and cowl. However, the cowl actuation weight
penalty must be considered.

lxperimental transonic ramp pressure drags were normalized and compared with
trns~onic similarity work on wedge airfoils. Theme ra_= drag data, together with
co%1l drag a" spillage ereg correction (KAnDj) factors developed in this report, are
valuable tools for Inlet design and performance stud4ies.
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